Introduction {#section1-2041731417697500}
============

Articular cartilage that has been damaged due to injury, disease, or wear has, by nature, a very limited capacity for self-healing as cartilage is a predominantly avascular tissue.^[@bibr1-2041731417697500]^ Aging, obesity, and physical activity exacerbate articular cartilage defects in the knee. While manifesting symptomatically as extreme pain in the knee, these defects eventually lead to the immobility of the patient and ultimately a reduction in their quality of life. Untreated lesions most commonly eventuate in the need for total knee replacement and there are approximately 600,000 total knee replacement procedures performed in the U.S every year.^[@bibr2-2041731417697500]^ This figure is indicative of the significance of developing viable and effective cartilage defect treatments. Current treatment options include microfracture surgery, autografting, and allografting; however, these options have drawbacks such as prolonged healing times, donor site morbidity, and availability and compatibility issues, respectively. The composition and structure of cartilage tissue further adds to this complexity.

There are three types of cartilage found in the body, varying in terms of biochemical constituents, structure, and location. Elastic cartilage is found in the outer ear and larynx and approximately 20% of its dry weight is elastin. Fibrous cartilage has lower amounts of glycosaminoglycan (GAG) but more organized fibers. Hyaline cartilage is particular to the knee joint with a thickness of 0.5--0.7 mm and offers a low friction and load distribution surface between bones. Generally, cartilage is composed of 95% extra cellular matrix (ECM) and 3%--5% chondrocytes. About 60%--80% of the ECM is water. Hyaline cartilage, containing only one cell type and no vascular or lymphatic networks, is one of the simplest tissues within the body. This tissue is composed of scattered chondrocytes in an ECM, a fibrous network collagen Type II, proteoglycans, and water. The GAG/proteoglycan aggregates of hyaline cartilage, which make up 15%--30% of its dry weight, form hydrophilic gels capable of retaining large amounts of water, thereby giving this tissue a high compressive strength.^[@bibr3-2041731417697500]^

If hyaline cartilage is torn or damaged, any joint movement will be severely limited and associated with pain. Damaged cartilage tissue generally attempts repair by producing Type I collagen, leading to the formation of fibrotic tissue. Due to the weak mechanical compressive strength of this fibrous structure, it wears away also with time, and the joint continues to experience damage. Initially becoming swollen and endemic, the joint will eventually see the formation of cysts and deeper lesions. The final stage usually involves the lesions deepening enough to reach subchondral bone tissue. It is believed that these lesions progressively develop into osteoarthritic forms. Osteoarthritis is the leading cause of immobility and injury in the middle-aged and elderly population. It also brings with it social, psychological, and economic expenses. Each year over 39 million people visit the doctor due to osteoarthritis-related conditions, with 500,000 of these requiring hospitalization. In the United States, it is expected that by 2020 over 60 million people will be affected and 11.6 million people will experience limitations to their activities as a consequence of arthritis.^[@bibr4-2041731417697500]^ Current therapeutic approaches toward cartilage repair depend on several factors such as defect size and patient status and are summarized in [Table 1](#table1-2041731417697500){ref-type="table"}.

###### 

The current approaches used in the treatment of cartilage and osteochondral defects.

![](10.1177_2041731417697500-table1)

  Method                                                                                                 Notes
  ------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Lavage/arthroscopic cleaning with NaCl/Ringer's solution                                               Alleviate pain. The effects are only temporary. No healing achieved in later stages.
  Debridement^[@bibr5-2041731417697500]^                                                                 Symptomatic relief. Not stimulate chondrogenesis or repair.
  Abrasion arthroplasty and drilling^[@bibr6-2041731417697500],[@bibr7-2041731417697500]^                Achieve formation of fibrous, hyaline-like cartilage. Drilling is more effective. No full healing.
  Osteotomy^[@bibr8-2041731417697500]^                                                                   Involves the manual realignment of cartilage surface by interrupting the bone at a distance from the cartilage lesions.
  Total knee replacement procedures^[@bibr9-2041731417697500]^                                           Performed in more aged patients as the life time of the prosthetics is limited by its loosening with time, and a significant amount of bone loss and pain is associated with prosthetic joints.
  Microfracture^[@bibr10-2041731417697500]^                                                              Involves the stimulation of repair using microfractures through which the bone marrow is drawn from the subchondral bone. The fibrous and mechanically weak tissue which forms in this way provides only a temporary solution.
  Autologous chondrocyte transplantation (ACT)^[@bibr11-2041731417697500]^                               Approximately 10--12 million cells can be implanted into a 10-cm^2^ defect area. Rehabilitation in the postoperative period is of importance. Complications include the postoperative problems that may form with arthrotomy, the inability to successfully suture periosteal tissue to defect sites, and the delayed hypertrophic response of the body.
  Osteochondral transplantation or mosaicplasty^[@bibr12-2041731417697500],[@bibr13-2041731417697500]^   Involves transplanting healthy tissues containing the required cells from a donor site to areas where they are needed. Disadvantages include donor site morbidity, abrasion against surfaces opposite to the graft, and damage to chondrocytes within donor and recipient regions.
  Scaffolds/matrices (polymeric or composite), MACI^[@bibr14-2041731417697500]^                          Cells proliferated on the matrix and then this structure is delivered to the defect site. Disadvantages include the loss of phenotypic features of chondrocytes and the inability to homogeneously distribute these cells.
  Stem cells delivered within 3D matrices                                                                The key criteria include biocompatibility, porosity, biodegradability, and the ability to prevent phenotypic losses in cells and enabling their uniform distribution. Poor cell distribution and mechanical strength are the two main limiting factors for the uptake of such matrices.

MACI: matrix-assisted chondrocyte implantation; 3D: three-dimensional.

In this study, a biocompatible, biodegradable, porous three-dimensional (3D) osteochondral plug capable of repairing articular cartilage defects was tested in ovine cartilage defect models. Due to its functional design cell seeding onto the structure prior to surgery is no longer required as the vertical microchannels running through the plug are designed to provide the continual supply of bone marrow constituents to the articular cartilage layer. The plug is tri-layered with the top layer being composed of a nonwoven poly(glycolic acid) (PGA) felt, the middle layer is poly([l]{.smallcaps}-lactic acid) (PLLA) mixed with a colorant, and a bottom layer is composed of a porous poly([l]{.smallcaps}-lactic acid)/poly(ϵ-caprolactone) (PLLA/PCL) structure coated with collagen Type I and beta-tricalcium phosphate (β-TCP) microparticles. The top and bottom layers are designed to mimic cartilage and bone tissue, respectively, and provide an ideal environment for the infiltration, attachment, and proliferation of the respective cell types. The middle layer not only provides a visual aid during implantation but also acts as a selective barrier for the two different cell types to be involved in the tissue regeneration process. The microchannels within the plug allow the continuous supply of bone marrow constituents to the cartilage layer throughout the healing period. The tri-layered osteochondral plug is completely resorbable and will eventually be replaced by new healthy tissue. This study provides results of the in vivo ovine performance of the tri-layered implants.

Materials and methods {#section2-2041731417697500}
=====================

Scaffold preparation {#section3-2041731417697500}
--------------------

A detailed description of the scaffold preparation protocol is given in our previous work.^[@bibr15-2041731417697500]^ The top layer of the three-layered scaffold is composed of a nonwoven poly(glycolic) acid (PGA) felt (Suprachon; BMT Calsis, Turkey). The bottom layer is a porous structure composed of a blend of (PLLA; M~w~ = 220 kDa) and PCL (M~w~ = 65 kDa). Briefly, dried flakes of PLLA and PCL were dissolved in chloroform (12% w/v) and then precipitated in methanol. A porogen (NaCl, sieved, particle size: 250--300 mm) was added to the mixture. All constituents were mixed inside a mold. Solvent and porogen removal was achieved via vacuum and leaching with deionized water (DI water), respectively. The monoliths were then subjected to supercritical carbon dioxide (scCO~2~) treatment at 150 atm and 38°C for 10 min (a detailed description of the process is given in a previous study).^[@bibr16-2041731417697500]^ The monoliths were cut into ∅8 × 8-mm cylinders. The cylinders were then coated with Type I collagen (2 mg/mL; Serva, Germany) and β-TCP (average particle size: 25--45 µm). The densities per monolith were 100 mL (in 250 mL, 0.1 M acetic acid) and 8 mg for the collagen and β-TCP, respectively. The middle tier of the monolith is a tidemark zone fabricated from a pigmented (Solvent Blue, 3% w/v; Sigma, United Kingdom) PLLA (5% w/v) and is used to adhere the PGA layer to the PLLA construct. It also provides a visual aid for implantation.^[@bibr15-2041731417697500]^ Vertical channels running throughout the structure were formed manually using stainless steel pins (300 µm diameter). [Figure 1](#fig1-2041731417697500){ref-type="fig"} displays a micro-computed tomography (CT) image of the plugs prepared by the process described in the previous study.^[@bibr15-2041731417697500]^

![(a) Micro-CT images of the osteochondral plugs and (b) a cross-sectional view revealing the layered structure.](10.1177_2041731417697500-fig1){#fig1-2041731417697500}

In vivo studies {#section4-2041731417697500}
---------------

The ethical approval for the animal study was received from Çukurova University Medical Sciences Experimental Research and Application Center (TIBDAM-1.08.10.2012). The in vivo study was performed at Çukurova University by Dr Altug Yucekul (Hacettepe University Faculty of Medicine), under the supervision of Veterinarian Associate Prof. Dr Kenan Dagoglu (Çukurova University Medical Sciences Experimental Research and Application Center). The osteochondral plugs were implanted into the lateral condyles of the hind right knees of 13 sheep (Merinos breed) via lateral parapatellar arthrotomy with medial patellar luxation (see Supplementary Information SI-1). In the control group (n = 3), the defects created (∅8 mm, 10 mm depth) were left open. The remaining animals were divided into two groups, namely, Group A (n = 5) and Group B (n = 5). Group B animals received hyaluronic acid gel injected to the osteochondral plugs. Arthroscopic analysis of the joints was performed at 3 months in one control and three Group A animals. The samples obtained (inclusive of the entire knee area) from the animals sacrificed at 3 months (Group A, n = 3) were analyzed with CT, followed by a histological analysis with methylene blue staining of cartilage areas on the condyle where tissue repair was seen. Three groups of specimens were fixed with 10% buffered formalin (pH: 7.4) in room temperature at 48 h and then were washed in slowly running tap water for 1 h. A 1:1 (v/v) solution of 8% HCl and 8% formic acid was used for decalcification. When fully decalcified, specimens were routinely prepared for light microscopy and embedded in paraffin. Then, 5-µm-thick serial sections were taken, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for aggrecan and collagen, hematoxylin/eosin (HE) staining performed for routine examination, and Mallory trichrome for connective tissue. Immunohistochemical staining was also done for collagen II and aggrecan. Photomicrographs of each sample were generated by a light microscope with fluorescence attachment (Axio Scope.A1; Carl Zeiss , Jena, Germany) attached with a computerized digital camera (AxioCam MRc5).

At 6 months post-implantation, samples of the entire knee region obtained from all of the animals sacrificed were analyzed with magnetic resonance imaging (MRI), followed by arthroscopic imaging. Good health was observed in all animals throughout the duration of the experiment; however, the animals of the experimental groups appeared to move more comfortably compared to those of the control group for which limping was reported in the first 3 weeks post-surgery.

Results {#section5-2041731417697500}
=======

In vivo outcomes (analyses at the third month) {#section6-2041731417697500}
----------------------------------------------

Arthroscopy was performed on Group A specimens by entering through the medial and lateral portals 1 cm proximal to the tibial crest. Arthroscopic analysis of the full knee samples from animals sacrificed after 3 months post-implantation of the composite repair matrix revealed a minimum coverage of 50% and a maximum coverage of 80% (according to the defect size) by newly formed tissue. [Figure 2](#fig2-2041731417697500){ref-type="fig"} shows that the 8 mm defects initially created were found to be reduced down to 3--4 mm (as seen according to the ruler in [Figure 2](#fig2-2041731417697500){ref-type="fig"}; about 75% reduction in surface area) in the form of a narrowing crater. No degeneration in other compartments was observed in arthroscopic analyses at 3 months.

![Arthroscopic image taken from Merinos sheep with composite scaffold implantation (Group A) sacrificed at 3 months.](10.1177_2041731417697500-fig2){#fig2-2041731417697500}

According to the CT results, the femoral joint surfaces appeared normal. In the lateral sections of the joints, defects similar to those observed with arthroscopy were found. Compared to the control groups, 65%--80% reduction of defect sites were observed in animals that received the implants. Arthroscopic findings indicate a significant degree of healing of the defect. A video of the CT analysis has been given in the Supplementary Information (SI-2).

Analyses at 6 months {#section7-2041731417697500}
--------------------

### Macroscopic analysis {#section8-2041731417697500}

General analyses performed during the sacrifice of the animals found that there had been no healing or positive development at the defect sites in the control group animals ([Figure 3(a)](#fig3-2041731417697500){ref-type="fig"}). Comparatively, the support matrix had achieved tissue regeneration and complete closure of the defect in all of the animals which received the implant. In the control group, the tissue surrounding the defect sites was found to be degenerated due to apoptosis and necrosis, and these effects appeared to continue following sacrifice.

![A macroscopic analysis image of the defect sites at 6 months in (a) the control, (b) Group A, and (c) Group B animals, respectively, and (d) the bone side.](10.1177_2041731417697500-fig3){#fig3-2041731417697500}

In animals that received the prepared scaffolds,new cartilage tissue with excellent surface and morphology formed within the defect sites. Macroscopic examination of plugs with ([Figure 3(c)](#fig3-2041731417697500){ref-type="fig"}) and without ([Figure 3(b)](#fig3-2041731417697500){ref-type="fig"}) hyaluronic supplementation revealed that both implants were capable of maintaining healthy tissue regeneration through the 6-month period. Condylectomy was performed to compare the degree of repair in the bone sections of the osteochondral defects in experimental and control groups, revealing that partial healing was only present in samples that received the implant. [Figure 3(d)](#fig3-2041731417697500){ref-type="fig"} is a representative image from Group A showing the uniform formation of bone tissue within the bone side of the defect volume. The complete regeneration and repair of these defects was expected at 12 months post-operatively; however, a follow-up study was not within the means and scope of this study.

### Arthroscopic analysis {#section9-2041731417697500}

Arthrotomy was performed by opening the joint. Arthroscopy was performed on samples collected at 6 months to analyze the condition of the defect sites. A clear difference between the control group animals and animals that received the osteochondral implant was observed. The defects created remained open in all control group animals, whereas these defects were completely filled and covered by new cartilage tissue in the experimental animals ([Figure 4](#fig4-2041731417697500){ref-type="fig"}; see Supplementary Information of arthroscopic videos for Group A, 6 months arthroscopy (SI-3); Group B, 6 months arthroscopy (SI-4); and Group C, 6 months arthroscopy (SI-5).

![(a) Representative arthroscopic images of knee of the control group, (b) defects with osteochondral plugs, and (c) defects with the osteochondral plug + hyaluronic acid taken at 6 months.](10.1177_2041731417697500-fig4){#fig4-2041731417697500}

The defect site and surrounding regions, as well as the trochlea and medial condyles, were analyzed for signs of degeneration. Possible tissue degeneration in other areas was expected due to the disruption of joint biomechanics in the presence of the defect. Degeneration in the aforementioned areas was seen in samples from the control group ([Figure 4(a)](#fig4-2041731417697500){ref-type="fig"}); especially in the trochlear region, a similar condition was found in only one of the experimental animal samples. Fibrotic tissue ingrowth was found in defects of control group samples from surrounding soft tissue structures. In one experimental group sample, the defect region was found to be collapsed. When correlated with the MRI images, repair was found to be in the form of a funnel toward the bone marrow. Also, in one animal that received the implant, a thin fracture extending from the condyle toward the periphery was formed while attempting to create the defects. Poor tissue repair and regeneration was found in this particular sample compared to the other implant groups.

### MRI {#section10-2041731417697500}

MRI analysis (1.5 Tesla; Siemens Maestro Class, Siemens, Malvern, USA) of all samples taken 15--20 cm above the joint region in all animals confirmed the excellent induction of cartilage formation in the experimental groups. Imaging in the sagittal plane revealed that even at 6 months, the control group defects remained at 7--8 mm, and [Figure 5(a)](#fig5-2041731417697500){ref-type="fig"} shows that no closure of the defect has been achievable in this group. Where the osteochondral implants are present, new cartilage tissue is found to be level with native cartilage and displays a relatively high density. Group A specimens ([Figure 5(b)](#fig5-2041731417697500){ref-type="fig"}) show a repair of tissue along the contour line of cartilage.

![Representative MRI images of (a) the control group, (b) Group A, and (c) Group B.](10.1177_2041731417697500-fig5){#fig5-2041731417697500}

### Histological analyses {#section11-2041731417697500}

In qualitative histological examination of the three groups, the control group had the worst appearance, having failed to fill the defect properly ([Figure 6](#fig6-2041731417697500){ref-type="fig"}). The defect region had a big cavitation in the center which was surrounded with fibrous connective tissue and increased number of vessels. In some regions, the newly formed cartilage areas were present between the old bone fragments. In the examination of Group A, a central scaffold was seen surrounded with the fibrous connective tissue, with increased vessels and newly forming cartilage extensions which appeared to sit on a base of trabecular bone. In Group B, a central scaffold which was surrounded with the thick fibrous tissue was observed with thick collagen bundles. There was an increase in the number of vessels and peripheral cartilage formation under the bone trabeculae indicating the healing process. The repair tissue was formed after initial granulation response, cartilage formation, and remodeling of the subchondral zone. This process was more regular and better in Groups A and B. Defect areas were filled with dense fibrous tissue and round chondrocytes organized in columns in some regions. The major proteoglycan in the articular cartilage is aggrecan. This molecule is important in the proper functioning of the articular cartilage, and it provides a hydrated gel structure. Type II collagen is present in the cartilage and provides resistance to intermittent pressure. [Figure 7](#fig7-2041731417697500){ref-type="fig"} and [Table 2](#table2-2041731417697500){ref-type="table"} give Mallory trichrome staining and semi-quantitative evaluation of the cartilage repair according to a reported evaluation scale for the histological grading of the cartilage repair.^[@bibr17-2041731417697500]^

![In Mallory trichrome staining: (a) control group, (b) Group A, and (c) Group B.\
f: fibrous connective tissue; ch: cartilage; S: scaffold; \*: cavitation; arrows: vessels.](10.1177_2041731417697500-fig6){#fig6-2041731417697500}

![In Mallory trichrome staining: (a) control group, showing only activating cells (↑) going toward fibrous connective tissue; (b) Group A, cartilage tissue which invades fibrocartilage tissue (↑); and (c) Group B, fibrocartilage tissue cells are seen (↑).](10.1177_2041731417697500-fig7){#fig7-2041731417697500}

###### 

Semi-quantitative scoring of the cartilage repair.

![](10.1177_2041731417697500-table2)

  Parameter   Control                                                    Group A                     Group B
  ----------- ---------------------------------------------------------- --------------------------- ---------------------------------------
  I           50% (2)                                                    75% (1)                     100% (0)
  II          Not close (2)                                              Almost (1)                  Yes (1)
  III         Significantly reduced staining (2)                         Reduced staining (2)        Normal (1)
  IV          Some fibrocartilage but mostly nonchondrocytic cells (3)   Mostly fibrocartilage (2)   Mostly hyaline and fibrocartilage (1)

Scale parameters (I) percent filling of the defect, (II) reconstitution of the osteochondral junction, (III) matrix staining, and (IV) cell morphology with score range starting from 0 (best).

The immunohistochemistry results showed that collagen Type II and aggrecan proteins were expressed in the repairing regions; the expressions of which were observed in the cytoplasm of the cells ([Figures 7](#fig7-2041731417697500){ref-type="fig"} and [8](#fig8-2041731417697500){ref-type="fig"}). These histologic findings revealed increased filling of the defect and amount of fibrocartilage tissue in Groups A and B when compared to the control group.

![(a--c) Expression of collagen Type II. Tissues were stained using the NorthernLights^™^ 557-conjugated anti-goat IgG secondary antibody (yellow, Catalog \#ab34712) and counterstained with DAPI (blue). Scale bar: 100 µm; (d--f) Aggrecan immunostaining. Cells were stained using the NorthernLights 557-conjugated anti-goat IgG secondary antibody (yellow, Catalog \#ab3773) and counterstained with DAPI (blue). Scale bar: 100 µm.](10.1177_2041731417697500-fig8){#fig8-2041731417697500}

Discussion {#section12-2041731417697500}
==========

Osteochondral defects present a further challenge for tissue engineers as both osteogenesis and chondrogenesis must be achieved simultaneously in this case. The tissue regenerative support structure that is to repair such defects must be able to address the requirements of these two structurally, functionally, and constitutionally different tissues. An osteochondral scaffold, therefore, needs distinct architectural features capable of inducing the migration, attachment, and proliferation of different cell lines. The degradation profile of the scaffold must also match the rate of tissue formation in the cartilage and bone layers of the defect separately. Previously, single-phase synthetic osteochondral plugs fabricated from various materials were tested with varying results. Homogeneous scaffolds are, however, insufficient for simultaneously achieving repair in different zones of tissue. Therefore, there has been a gradual movement toward biphasic or functionally graded osteochondral plugs. [Figures 3(d)](#fig3-2041731417697500){ref-type="fig"} and [5(c)](#fig5-2041731417697500){ref-type="fig"} and [(d)](#fig5-2041731417697500){ref-type="fig"} show the residue of the polymeric scaffold in the bone side, while there was no indication of PGA mesh scaffold observed in the analyses. Considering the scaffold's high porosity (over 90%), it can be concluded that the polymer volume remained in the defect area in the bone side after 6 months does not impose any problem for cartilage regeneration.

Biomimetic biphasic scaffolds, such as the one in this study, are typically composed of a cartilage segment and a subchondral moiety. While low-strength hydrogels are typically used for the segments interacting with cartilage, mechanically stronger materials such as calcium phosphates and bioceramics are required for the bone-related segments.^[@bibr18-2041731417697500],[@bibr19-2041731417697500]^ Previously explored natural materials for this purpose include collagen,^[@bibr20-2041731417697500]^ chitosan,^[@bibr21-2041731417697500]^ hyaluronan,^[@bibr22-2041731417697500]^ and alginate.^[@bibr23-2041731417697500]^ A vast number of materials including poly(lactic acid) (PLA),^[@bibr24-2041731417697500]^ poly(lactic-glycolic acid) (PLGA),^[@bibr23-2041731417697500],[@bibr25-2041731417697500]^ poly(ϵ-caprolactone) (PCL),^[@bibr26-2041731417697500]^ poly(2-hydroxyethyl methacrylate) (PHEMA),^[@bibr27-2041731417697500]^ β-TCP,^[@bibr28-2041731417697500]^ and hydroxyapatite (HA)^[@bibr29-2041731417697500]^ have been used in the repair of cartilage and osteochondral defects. Furthermore, issues such as the poor cell attachment property of some synthetic polymers have been overcome by surface modifications with materials such as chondroitin sulfate^[@bibr30-2041731417697500]^ and chitosan.^[@bibr31-2041731417697500]^

For the plug in this study, a polymeric solution mixed with a colorant was used to create a solidified binding segment between the two main layers. The primary aim of this layer is to allow the cells and tissue constituents of the cartilage and bone layers to remain separated. In addition to this, it provides a visual aid during the implantation of the plug. The top collagenous layer is designed to promote mesenchymal stem cell condensation at this site, allowing chondrocyte precursors to form, which in turn will secrete the necessary factors for cartilage ECM formation and cartilage tissue growth. Several studies have shown that not only is it important to induce the involvement of cells in this layer, but supporting the viability and activity of these cells is also critical.^[@bibr25-2041731417697500],[@bibr32-2041731417697500],[@bibr33-2041731417697500]^ The hyaline-like cartilage formation at defect site observed in this in vivo study can be attributed to the vertical channels in the intermediate binding layer of the scaffold which allowed the transport and lodgment of cells into the topmost layer where they could differentiate into chondrocytes. These channels were also intended to enable and support vascularization throughout the depth of the defect, as well as allowing the mass transfer of nutrients and gases. The ultimate intended function for these channels was to deliver blood from the bone marrow to the upper layers of the defect, imitating Haversian canals in the bone and achieving the same effects as in the microfracture approach. As such, there was active support supplied to the cartilage layer throughout the healing period. This concept is also supported by the study of Chen et al.^[@bibr34-2041731417697500]^ in which a radially oriented collagen scaffold was shown to support in vivo cartilage repair, attributed to the induction of stem cell migration by the scaffolds internal channels.

Several studies have investigated the effects of supplying growth and regenerative factors with osteochondral repair matrices including those with single-factor transforming growth factor beta 1 (TGF-β1) releasing capabilities^[@bibr35-2041731417697500]^ and those which can simultaneously release different factors (TGF) and bone morphogenetic protein-2 (BMP-2) from each respective scaffold segment.^[@bibr23-2041731417697500]^ Sherwood et al.^[@bibr36-2041731417697500]^ were able to show, however, that functionally grading an osteochondral repair structure (poly([l]{.smallcaps}-lactide-*co*-glycolide)-poly([l]{.smallcaps}-lactide)--β-TCP composite) could be sufficient in guiding chondrocytes to preferentially attach to the cartilage portion of the plug. Another recent study^[@bibr37-2041731417697500]^ has also proven that acellular multilayered polymeric scaffolds alone, with layers graded and tailored to specific tissue types, are just as capable of recruiting host cells for the treatment of osteochondral lesions in a caprine model. The strategically designed features of the osteochondral plug in this study also reflect this principle.

The highly porous osteochondral plugs used in this study were also able to withstand the biomechanical forces they had been subjected to. This indicated that the previously determined scaffold average Young's modulus value of around 100 kPa was sufficient as all plugs, apart from one exception in an experimental animal, where the plug did not collapse but failed to support tissue growth. A study conducted by Bernstein et al.^[@bibr38-2041731417697500]^ investigated a microporous pure β-TCP ceramic tissue engineering scaffold for the repair of osteochondral defects in a sheep study. Histological, histomorphometric, and immunohistological methods as well as various imaging techniques (X-ray, micro-CT, and scanning electron microscopy) were used to reveal that collagen Type II-positive hyaline cartilage and new subchondral bone had formed in several samples. However, even after 1 year post-implantation, cartilage ingrowth to the center of the defect site was still not completed. Compared to the 8 mm × 8 mm defects created in the animals of this study, defect sites were 7 mm × 25 mm in this study. This raises the importance of considering polymeric composites with ceramic materials, where mechanical stability of an acceptable degree is maintained concurrent to the provision of a microarchitecture more accommodating for cells.^[@bibr39-2041731417697500]^

The positive results from the histological analyses also confirmed the biocompatibility of the osteochondral repair material. As such, this in vivo study provides a satisfactory preclinical biocompatibility and functionality evaluation of these scaffolds, indicating a strong potential for the clinical uptake of this plug. The "cell-free" material developed and tested in this study may in the future also be reconstituted with a patient's blood or serum for enhanced effects or even serve as an autologous chondrocyte transplantation (ACT)-based cell delivery structure. MaioRegen^®^ (Fin-Ceramica Faenza SpA, Faenza, Italy) consists of a collagen Type I top layer that resembles cartilaginous tissue. The bottom layer is composed primarily of magnesium-enriched hydroxyapatite (Mg-HA) that mimics subchondral bone structure.^[@bibr40-2041731417697500]^ TruFit^™^ Plug (Smith & Nephew, Andover, MA) is also a biphasic plug fabricated from PLGA fibers and calcium sulfate (CaSO~4~). The clinical success of MaioRegen has been confirmed by several clinical studies,^[@bibr41-2041731417697500][@bibr42-2041731417697500]--[@bibr43-2041731417697500]^ but it has also received some contradictory reviews.^[@bibr44-2041731417697500]^ The clinical effects of TruFit Plug have been more controversial, with one investigation^[@bibr45-2041731417697500]^ finding that compared to traditional treatments or mosaicplasty/microfracture techniques, TruFit Plug did not appear to achieve better results. The OsseoFit^®^ plug (Kensey Nash, Exton, PA) is also a biphasic osteochondral repair matrix that is also bioresorbable. Its cartilage-interacting portion is composed of Type I collagen (bovine mesh), while the bone-interacting portion consists of TCP and PLA. A study comparing the TruFit Plug and OsseoFit plug found that the OsseoFit plug was much more malleable and suffered from greater reductions in height under cyclic loading conditions than the TruFit Plug, but the differences were not statistically significant, potentially due to the relatively small sample size.^[@bibr46-2041731417697500]^ Bilge, Buyukdogan, and Doral reported that the animal and human bodies are bioreactors.^[@bibr47-2041731417697500],[@bibr48-2041731417697500]^

Creating large cartilage defects in the sheep is associated with large total defect volume, as these defects produce a large proportion in the subchondral bone. The critical size defects in ovine animal models have been reported to be as 7 mm.^[@bibr49-2041731417697500]^ As defects above 7 mm do not have a self-repair capability, we used an 8-mm defect model in our study.^[@bibr50-2041731417697500]^ The animal model used in this study is considered suitable for cartilage defect testing. Limitations of this study include the absence of biomechanical evaluation and Phase 3 and Phase 4 trials. Although surface texture and healed cartilage structures are compared with the other anatomical parts in the knee by arthroscopy, endurance and strength comparisons would be an asset as a control for functional status. In future stages, investigations regarding the drug or growth factor delivery capability of this scaffold, along with its various combinations with chondrocytes or stem cells will be possible.

Conclusion {#section13-2041731417697500}
==========

The osteochondral plugs prepared were successful in supporting the regeneration of tissue in osteochondral defects of sheep. The plugs that were supplemented by hyaluronic acid achieved the best coverage of the defect (\>65%) at 3 months post-implantation and full coverage of the defect observed at the 6-month mark. No tissue regeneration was seen in defects that were left empty with limping observed in these animals compared to comfortable movement in other groups. There were no degenerative secondary findings on the trochlea and lateral condyles of the experimental animals, whereas mild to severe degeneration observed in the control animals. The defects appear to heal in the form of a narrow crater, attributed to the continuous delivery of bone marrow components via the internal channels of the osteochondral implants. Thus, the unique design of the scaffold proved to have a significant positive impact on the healing of osteochondral lesions. This study demonstrates the potential of the multilayered biomimetic scaffold in repairing osteochondral defects and regenerating cartilage tissue.' instead of 'This study demonstrates the potential of the multilayered biomimetic scaffold in repairing and regenerating cartilage tissue and osteochondral defects.
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**Supplementary Information:** Video material has been provided with this article to supplement the content described within this article. The video content provides the arthroscopic imaging and magnetic resonance imaging (MRI) results, as well as recordings from the operating theater showing the implantation of plug. The supplementary information is intended to provide more detailed analysis of the osteochondral repair *in vivo*.
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